The deformation modes in magnesium nanocrystals during uniaxial tension, uniaxial compression, and pure bending are investigated using molecular dynamics (MD) simulations at room temperature. For each loading condition, the crystal orientation effects are studied by increasing the crystal c-axis orientation angle h relative to the loading direction from 0 deg to 90 deg by a 15 deg increment. The simulation results reveal a number of different deformation modes and an obvious tension-compression asymmetry in magnesium nanocrystals. As the c-axis is rotated away from the tension loading direction, the deformation mode at yielding changes from tension twinning (h 45 deg) to compression twinning (h > 45 deg). For compression loading, yielding is dominated by only dislocation slip on the pyramidal (h < 15 deg), basal (15 deg < h < 60 deg) and prismatic (h > 60 deg) planes. The nucleation stress in general decreases with increasing h for both uniaxial tension and uniaxial compression loadings. For pure bending simulations, the yielding is mostly controlled by the weaker deformation mode between the compressive and tensile sides. The bending nucleation stress also decreases as the c-axis deviates away from the loading direction.
Introduction
Magnesium (Mg) and its alloys demonstrate excellent properties, including high specific strength, superior damping capacity, high thermal conductivity, and efficient recyclability, which make them an attractive structural material for automotive, aerospace, electronic, and defense applications. However, a widespread commercial utilization of these materials is still challenging because of some critical limitations, including poor ductility, poor formability at ambient temperature, and degradation of mechanical properties at elevated temperatures. The poor ductility originates from the anisotropy of the Mg hexagonal closed packed (HCP) crystalline structure, which cannot provide five independent easy slip systems as suggested by the von Mises criterion [1] . While there are ongoing experimental efforts to improve Mg ductility through alloying, grain refinement, and texture weakening, the underlying deformation mechanisms in Mg are still not well characterized. Therefore, it is vital to develop a systematic understanding of the fundamental deformation modes in Mg crystals.
In Mg, various deformation modes are potentially active under different loading conditions, including dislocation slip and twinning [2] . As summarized in Fig. 1 , dislocation slip can occur on the basal (Ba), prismatic (Pr), first-order pyramidal (Py-I), and second-order pyramidal (Py-II) planes. Furthermore, two twinning modes can be characterized by the type of straining imposed along the c-axis. In the case of extension along the c-axis, extension twins (or sometimes referred to as tension twins (TTs)) may occur on the {10-12} (TT 1 ) and {11-21} (TT 2 ) planes. On the other hand, in the case of contraction along the c-axis, contraction twins (or sometimes referred to as compression twins (CTs)) can occur along the {10-11} (CT 1 ) and {11-22} (CT 2 ) planes.
Micro-and nanopillar experiments were previously utilized to characterize the formation and evolvement of possible deformation modes in Mg single crystals. In those experiments, only one or two predominant deformation modes were active for a specific loading orientation. During c-axis compression of pure Mg [3] [4] [5] [6] and AZ31 [7] micropillars, pyramidal slip was typically observed during the early stage of deformation and strong strain hardening was also reported. Due to slight misalignment or misorientation, the deformation was subsequently dominated by massive basal slip bursts. In contrast, during c-axis compression of nanosized Mg pillars (diameter ¼ 150 nm), compression twinning was observed instead of pyramidal slip, followed by extensive basal slip within the twin leading to strain softening [8] . On the other hand, in c-axis tension studies, tension twinning accompanied by strong strain hardening was observed [8] . Moreover, when the crystal c-axis deviates from the loading direction by 45 6 25 deg, basal slip is predominant since its Schmid factor is the largest [4, 6, 7, 9, 10] . Ultimately, during compression perpendicular to the c-axis, tension twinning prevails [4, 10] .
While the aforementioned experiments focused on the uniaxial response during compression or tension loading, the mechanical behavior during bending deformation has been rarely studied. Under bending loading, the material is exposed to both compression and tension states on opposite sides of the crystal, which would be expected to lead to multiple deformation modes mutually. In a recent nanobending experimental study, Ye et al. [9] showed the development of both cracks and CTs on the tension and compression sides of the crystal, respectively.
A number of MD simulations were also performed as an effective tool to study the deformation modes in single-crystalline nanocrystals. Simulations of c-axis compression at room temperature predict a predominant deformation through compression twinning for nanopillars having sizes below 10 nm [11] , while first-order pyramidal slip was observed in larger sizes at low temperature [12, 13] . On the other hand, tension along c-axis was reported to lead to tension twinning [9, 11] , while basal slip prevails in nanocrystals loaded 45 deg away from the c-axis [11] .
Discrete dislocation dynamics (DDD) simulations were also employed to study both dislocation-mediated plasticity and dislocation-twin boundary (TB) interactions in single and polycrystalline Mg [7, [14] [15] [16] [17] . From single-crystal DDD simulations, the massive basal slip observed experimentally during c-axis compression was confirmed to be a result of crystal misorientation [7] . In addition, dislocation-TB interactions were reported to be significant for the strain hardening and grain size-effects [14, 17] .
Although extensive experimental and simulation studies were conducted on the deformation modes of Mg, substantial discrepancy in the results still exists. In particular, in experimental observations, c-axis compression was usually reported to be mediated by second-order pyramidal slip [18, 19] . In contrast, MD simulations suggested that first-order pyramidal slip is predominant [12, 20, 21] . More recent slip trace analysis of c-axis deformed experiments seems to support these simulation predictions [22] . Moreover, in both experiments and simulations, only three orientations are typically investigated, and a complete understanding of the orientation effects on the deformation modes is still missing. Therefore, here, the uniaxial tension, uniaxial compression, and pure bending deformations of single-crystal Mg nanocrystals having different orientations are investigated using MD simulations. In each loading condition, the crystal orientation effects are studied by progressively rotating the c-axis from 0 deg to 90 deg away from the loading direction. This paper is organized as follows. The computational methods are discussed in Sec. 2, and the simulation results are presented and discussed in Sec. 3. Finally, concluding remarks are made in Sec. 4.
Computational Methods
In all the current simulations, a simulation cell mimicking a rectangular nanocrystal with edge-lengths l x ¼ 30 nm, l y ¼ 30 nm, and l z ¼ 60 nm is considered. The total number of atoms in the simulation cell is $2.38 Â 10 6 . A two-dimensional schematic of the simulation cell cross section is shown in Fig. 2 . Free surface boundary conditions are employed along all three directions. The crystal c-axis is oriented by an angle h away from the loading direction. Three-different loadings are employed, namely, uniaxial tension, uniaxial compression, and pure bending. For the tension and compression simulations, a uniform strain is imposed on the top and bottom surfaces with a total strain rate of _ e ¼ 2 Â 10 8 s À1 . In the bending simulations, a bending moment is imposed on the top and bottom surfaces, as shown schematically in Fig. 2 . The bending loading rate is _ M ¼ 26:67 N Á nm=s. To study the crystal orientation effects for each loading condition, the orientation angle h is varied from 0 deg to 90 deg by a 15 deg increment.
All simulations were performed using the three-dimensional MD simulator LAMMPS [23] . Two embedded atom method potentials developed by Sun et al. [24] and Liu et al. [25] are used to model the interatomic interaction. These two potentials were previously used extensively to study the deformation of Mg. As summarized in Ref. [12] , the potentials agree well with the density functional theory and experimental measurements, in terms of lattice constants, cohesive energy, elastic constants, and stacking fault energies. In the following, unless otherwise noted, the simulation results reported are using the Liu et al.'s potential. At the beginning of all simulations, the atomic system is relaxed fully by the conjugate gradient algorithm. Then, the system is heated to 300 K within 50 ps, and the temperature is maintained constant during loading using the NVT ensemble. The time step is set to be 0.001 ps. Since thermal fluctuation at room temperature leads to difficulties in clearly identifying the dislocation and twin structures, in most of the figures of this work, the fluctuations are removed by performing 50 steps of conjugate gradient relaxation. All atom visualizations are obtained using OVITO [26] , while the centrosymmetry and common neighbor analysis (CNA) parameters are used to color the atoms, as indicated in each figure caption. The centrosymmetry parameter for HCP crystals is: 0 for stack faults or the FCC lattice; 9 for dislocation cores and TBs; 10 for HCP bulk lattice; and >12 for free surfaces.
Results and Discussion
3.1 Uniaxial Tension Deformation. In this subsection, the tension deformation of Mg nanocrystals is reported. First, the simulation results for the h ¼ 0 deg case are shown in Fig. 3 . Two TTs with boundaries on the {10-12} planes (i.e., TT 1 ) nucleate from the edges of the simulation cell, with the larger twin nucleating earlier from one of the simulation cell corners. The nucleation of these TTs agrees well with experimental observations [4, 8] . In both the matrix and the twin, no dislocations are observed. Furthermore, two types of interfaces between the matrix and the twin can be identified, including a horizontal basal/prismatic (B/P) transformation interface, and inclined TBs, as shown in Fig.  3 (b), indicating good agreement with the experimental TEM observations [27] . Multiple parallel and stable stacking faults also reside on basal planes in the twinned region. Figure 3 (c) shows the stacking sequence in the vicinity of one of these stacking faults. While these stacking faults are on basal planes, they are intrinsic faults with only one-atom-layer fault, which are different from the two-atom-layer faults formed by basal dislocations. As shown in Fig. 3(d) , these faults always nucleate from the TBs or B/P interfaces and not from the free surfaces. Such stacking faults are probably significant for the TB migration and twin growth, which is beyond the focus of the current study. Figure 4 shows the tensile deformation of the h ¼ 15 deg case. In Fig. 4(a) , a predominant twin nucleates near the loading end and pierces the simulation cell quickly in the absence of any dislocations or stacking faults in either the twin or the matrix. The orientations of the twin and the matrix indicate that the twin is a tension twin with boundaries on {11-21} planes (i.e., TT 2 ). The same deformation mode is also predicted using the Sun et al.'s potential. This twin system has been previously reported in MD simulations with periodic boundary conditions of perfect crystals (i.e., homogenous nucleation) [28] , or with an initial nanovoid or nanocrack [29] . It should be noted that the tensile deformation of Mg single crystals having this orientation has not been reported yet, and this twinning system has not been observed experimentally in pure Mg. Thus, the current predictions remain to be validated from pure Mg tensile experiments. Nevertheless, this twinning system was reported in Mg alloy (Mg-5%Y-2%Nd-2%RE-0.5%Zr) in solution treated condition [30] .
The tension simulation of a h ¼ 30 deg case is shown in Fig. 5 . In Fig. 5(b) . Subsequently, the dislocation intersects the first TB and transmits into the twin as a basal dislocation, as shown in Fig. 5 (c). In Fig. 5(d) , after intersecting the second TB, it finally glides back on the basal plane in the matrix. This sequence of interactions agrees well with the geometry based predictions of Yoo [31] 
Thus, basal dislocation intersections with this TB would lead to the formation of twinning dislocations with Burgers vector b t on the TB, providing a possible mechanism for TB migration. The tension simulation results of a h ¼ 45 deg case are shown in Fig. 6 . Similar to the h ¼ 30 deg case, both basal dislocations and {11-21} twinning are observed, as shown in Fig. 6(a) . Two types of dislocation nucleation events can be identified: dislocations nucleating near the loading ends; and dislocations nucleating at the intersection between the TBs and the free surface (see Fig. 6 (b)).
During tension simulations of the h ¼ 60 deg, 75 deg, and 90 deg cases, {10-11} CTs are observed to dominate, with no dislocation activity observed, as shown in Fig. 7 . Furthermore, many intrinsic stacking faults are observed within the twins.
Since the nanocrystals are initially defect-free, the mechanical response is generally controlled by the nucleation of defects from the free surfaces. The nucleation stress and corresponding first nucleating defect type (i.e., dislocation or twin) are summarized in Fig. 8 as a function of the simulation cell orientation angle. It is This transition angle can also be computed from threedimensional strain analyses of the normal strain along c-axis, which can be expressed as
Here, we assume the Mg crystals are isotropic with Poisson ratio v ¼ 0.35 for simplicity. Thus, Eq. (3) leads to a predicted transition angle of h ¼ 59 deg, which is in good agreement with current MD simulations. In order to understand the orientation effects on the predicted deformation modes using Schmid factor analysis, the Schmid factor P(h) is calculated for each orientation angle. Then, the nucleation stress for any deformation mode can be calculated as
where s CRSS is the critical resolved shear stress (CRSS) on the slip plane for dislocation-mediated plasticity, or the twinning plane for twinning mediated plasticity. Here, it is assumed that s CRSS is constant for each deformation mode. Hence, s CRSS can be computed by fitting the nucleation stress based on Eq. (4) with that predicted by the current MD simulations. For the present tension simulations, s CRSS is shown to be: 1.5 GPa for TT 1 , 0.8 GPa for TT 2 , and 0.4 GPa for CT 1 . Finally, the Schmid factor analysis (i.e., Eq. (4)) is also shown in Fig. 8 . It is observed that the three twinning deformation modes exhibit strong dependence on the Schmid factor, which also agrees well with the current MD results.
Uniaxial
Compression Deformation. Figure 9 shows the simulation results of four nanocrystals having their c-axis oriented by h ¼ 0 deg, 15 deg, 30 deg, and 45 deg from the compression loading axis. It should be noted that the h ¼ 0 deg case is a c-axis compression orientation and has been extensively studied experimentally (e.g., Refs. [3] and [7] ), and by MD simulations (e.g., Refs. [11] and [12] ). As shown in Fig. 9(a) , the deformation is mostly accommodated by hc þ ai dislocation slip, with hardly any twinning observed. The slip planes of these dislocations coincide with first-order pyramidal planes, in agreement with the previous studies [12, 21] . It should be noted that in the study of Luque et al. [11] , compression twinning rather than first-order pyramidal dislocations was observed in 10 nm nanocrystals. This is mainly a result of the much smaller crystal sizes in that study, as compared to the first-order pyramidal slip in the 30 nm (current work) and 100 nm [12] crystals. This indicates the existence of a possible size-dependence on the deformation mode during c-axis compression. Consistent size-dependent deformation modes were also reported from micropillars (pyramidal slip [3] [4] [5] [6] [7] ) and nanopillars Fig. 9(b) . With further deviation of the crystal c-axis from the compression loading axis, the Schmid factor on the basal plane increases, and basal slip becomes predominant at the orientation angle of h ¼ 30 deg (see Fig. 9(c) ). Ultimately, at the orientation angle of h ¼ 45 deg, first-order pyramidal slip is completely suppressed (see Fig. 9(d) ). These results are in good agreements with experimental observations for the same orientations [4, 6, 7, 9, 10] .
The deformation details for the h ¼ 60 deg case are shown in Fig. 10 . In addition to basal dislocations, a single large {11-21} tension twin is also observed. Based on Eq. (3), for this orientation, the c-axis strain is tensile in agreement with the observed tension twin system. Furthermore, Figs. 10(b) and 10(c) show a sequence of pre-and post-interactions between the {11-21} tension twin tip and a basal dislocation which was originally in the matrix. After the interaction, the intersected dislocation segment becomes a basal dislocation segment in the twin. Since twin Transactions of the ASME growth is typically mediated by the glide of an array of twinning dislocations, this interaction process can be explained by the following reactions:
The remaining two compression simulations having h ¼ 75 deg and h ¼ 90 deg are shown in Fig. 11 . Prismatic hai dislocations are observed to be predominant for both orientations. Many vacancies and interstitials are observed, which result from dislocation climb. In addition, multiple dislocation loops are also observed (see the inset of Fig. 11(a) ), which also form as a result of dislocation climb events. It should be noted that in the experiments of 90 deg orientated micropillars, TTs with boundaries on the {10-12} plane (i.e., TT 1 ) were reported [4] . This discrepancy between micropillar experiments and MD simulations of nanopillars could be attributed to size-effects on deformation modes. In the Mg micropillars, the twinning deformation always exhibits a stronger size-effect on the yield stress than dislocation slip [4] , i.e., the yield stress increases faster with the decreasing crystal diameter than the dislocation slip. This would lead to a critical diameter, below which dislocation slip dominates. Similar observations were reported for compression twinning in singlecrystalline titanium alloy [32] . The nucleation stress and corresponding first deformation event during compression loading are shown in Fig. 12 as a function of simulation cell orientation angle. During compression loading, it is observed that the first deformation event is always dislocation slip, in particular: first-order pyramidal slip for h ¼ 0 deg, basal slip for h ¼ 15-60 deg, and prismatic slip for h ¼ 75-90 deg orientations. Furthermore, the nucleation stress decreases with increasing orientation angle up to h ¼ 60 deg, after which the nucleation stress subsequently increases. This is because basal slip is an easy slip mode as compared to first-order pyramidal and prismatic slips. Finally, by comparing the deformation modes and nucleation stresses during tension and compression loadings, a strong tension-compression asymmetry is clearly observed.
The Schmid factor analysis was also performed for the uniaxial compression loading, as shown in Fig. 12 . In this case, it is seen that the deformation modes are weakly dependent on the Schmid factor. s CRSS for PyI, Ba, and Pr slips is 0.8 GPa, 0.6 GPa, and 0.7 GPa, respectively. The nucleation stress for basal slip and pyramidal slip predicted by the Schmid factor analysis mostly agrees with the current MD simulations. However, the nucleation stress for prismatic slip is in strong disagreement. (For example, the Schmid factor for h ¼ 90 deg is larger than that at h ¼ 75 deg, but the nucleation stress as predicted by the current MD simulations is in fact higher for h ¼ 90 deg.)
3.
3 Pure Bending Deformation. The deformation modes during pure bending for different simulation cell orientation angles are shown in Fig. 13 . For the h ¼ 0 deg case, {10-12} tension twinning is dominant on the tension side, which agrees with In the h ¼ 45 deg case, the tension and compression sides are dominated by {10-11} compressive twinning, and basal slip, respectively. These dislocations are clearly geometrically necessary dislocations [33] . The transition orientation angle from tension twinning activity to compression twinning activity on the tension side is clearly smaller than that during uniaxial tension loading.
For the h ¼ 60 deg and 75 deg cases, on the tension and compression sides, {10-11} compression twinning and {11-21} tension twinning are observed, respectively. However, they are difficult to cross the neutral plane and interact with each other due to the bending constraint. These twins are also geometrically necessary twins [34] . Finally, for the h ¼ 90 deg case, more compression twinning variants are observed on the tension side, while prismatic dislocations replace the TTs on the compression side, which agrees with the h ¼ 90 deg case under uniaxial tension and uniaxial compression, respectively. These predictions are also in good agreement with the cantilever nanobeam experiments of Yu et al. [8] showing compression twinning for this orientation.
In the current pure bending simulations, only a normal bending stress develops in the cross section. This normal stress is largest away from the neutral plane, as shown schematically in Fig. 2 . Therefore, the maximum normal bending stress at the outermost edge controls the nucleation of the first deformation event. As a result, here we estimate the nucleation bending normal stress as
where M N is the nucleation moment and I x is the area moment of inertia. This estimated nucleation bending normal stress is shown in Fig. 14 by the upper curve. The nucleation stresses for the uniaxial tension and uniaxial compression loadings are also shown in Fig. 14 as a function of the simulation cell orientation angle. The first nucleation deformation event and the corresponding side it occurs at are also indicated along the upper curve. The nucleation bending normal stress largely decreases with the increasing orientation angle, in agreement with uniaxial tension and uniaxial compression loading simulations. Since in bending simulations, the tension stress on the tension side is equal in magnitude to the compression stress on the compression side, the first nucleation event would be controlled by the weakest deformation mode on either side. The lower line in Fig. 14 denotes the lowest nucleation stress and weakest deformation mode of the uniaxial tension and compression simulations. It is clear that the first nucleating deformation mode during bending generally agrees with the weakest deformation mode during uniaxial loading. However, it should be noted that the nucleation stress in the bending simulations (upper curve) is always higher than the minimum nucleation stress of the uniaxial loading cases (lower curve), since the bending loading rate is higher.
Conclusions
Tension, compression, and bending deformations of singlecrystalline magnesium nanocrystals were investigated using MD simulations. In particular, the crystal orientation effects were studied by increasing the c-axis orientation angle relative to the loading direction. For tension loading, with increasing orientation angle, the deformation mode at yielding changes from tension twinning (h 45 deg) to compression twinning (h > 45 deg). For compression loading, yielding is dominated by dislocation slips only, including first-order pyramidal slip for orientation angle h < 15 deg, basal slip for orientation angle from h ¼ 15 deg to 60 deg, and prismatic slip for orientation angle h > 60 deg. For bending simulations, yielding is mostly controlled by the weakest deformation mode between the compression and tension sides of the simulation cell. In general, the nucleation stress in each loading case largely decreases as the crystal c-axis deviates away from the loading direction. In addition to the MD simulations, Schmid factor analysis was also conducted to understand the orientation effects on the deformation modes. 
